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Abstract. Coupled theoretical and computational work is presented aimed at understanding and modeling
stimulated Raman backscattering (SRBS) relevant to laser-plasma interactions (LPIs) in large-scale, nearly
homogeneous plasmas. With the aid of a new code for simulating and studying the nonlinear coupling in
space-time of a large number of modes, and a ﬂuid Vlasov-Maxwell code for studying the evolution of large
amplitude electron plasma waves, we report results and their interpretations to elucidate the following ﬁve
observed, nonlinear phenomena associated with SRBS: coupling of SRBS to Langmuir decay interactions
(LDIs); eﬀect of ion-acoustic damping on SRBS; cascading of LDI; SRS cascades; and stimulated electron
acoustic wave scattering (SEAS).
1. Introduction
In indirect drive inertial conﬁnement fusion [1], gas-ﬁlled hohlraums are likely to be sub-
ject to LPIs that occur in nearly homogeneous plasmas. At the laser intensities of interest
(∼ 1015 W/cm2) the laser beams are characterized by many speckles of high intensity (“hot
spots”) and the overall LPIs are complex. In the past few years, experiments on the TRI-
DENT facility at the Los Alamos National Laboratory (LANL) have undertaken to study
LPIs in (independently) preformed plasmas with a diﬀraction limited laser beam, thus ap-
proximately simulating LPIs in a single hot spot (SHS) [2]. In this paper, we present results
from recent analytical and computational studies [3,4] of LPIs with particular reference to
SRBS interactions recently studied in SHS experiments [4]–[7]. The studies we present
encompass the nonlinear space-time evolution of SRBS, including: its nonlinear coupling
to ion dynamics via the LDI and its cascades; its engendering of SRS cascades; and its
nonlinear modiﬁcation of the plasma to exhibit electron acoustic waves (EAWs) with the
ensuing quasimodes laser scattering oﬀ of these EAWs to give the observed SEAS. For these
studies we used a code for numerically integrating nonlinearly coupled mode equations in
space-time [3], and a relativistic Eulerian Vlasov-Maxwell code [8] for evolving electron
plasma waves of large amplitudes in the presence of laser ﬁelds [4]. All numerical integra-
tions were carried out for a homogeneous plasma of ﬁnite extent, with appropriate initial
and boundary conditions for an incident laser, and for plasma extents and parameters in
the regime of the recent SHS LPI experiments on TRIDENT at LANL [4]–[6].
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2. Coupled Mode Model Equations for SRBS–LDI Cascades
In relation to understanding recent experimental observations in SHS-LPI [4]–[7], we
considered the following model LPI in their simplest description of nonlinearly coupled
modes [9]: (a) SRBS; (b) SRBS coupled to LDI; (c) SRBS + LDI coupled to LDI-cascade
(LDIc); and (d) SRBS coupled to SRS-cascade (SRSc). In the most complex case consid-
ered, (c), this entailed solving the following seven nonlinearly coupled mode equations:
LASER : L1a1 = −K1a2a3 (1)
BEMW(EPW) : L2a2 = K1a1a3 (2)
EPW(BEMW) : L3a3 = K1a1a2 −K2a4a5 (3)
BEPW(FEMW) : L4a4 = K2a3a5 −K3a6a7 (4)
IAW(EPWc) : L5a5 = K2a3a4 (5)
CEPW : L6a6 = K3a4a7 (6)
CIAW : L7a7 = K3a4a6 (7)
In these equations Lj = (∂/∂t) + vgj(∂/∂x) + νj is the linear wavepacket operator on the
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Figure 1: ω and k matching shown in (a) SRBS coupled to LDI with an LDI cascade; (b) SRBS
coupled to an SRS cascade.
slowly-varying action density amplitudes in space and time, where vgj = dω(k)/dk|k=kj
is the group velocity, and νj is the damping rate of mode j; |aj|2 = wj/ωj is the action
density where wj is the wave energy density and ωj is the real frequency (both taken as
positive) of mode j; and K1−3 are the magnitudes of the nonlinear coupling constants
— appropriate to homogeneous plasmas where wave dephasing is neglected. Figure 1(a)
shows the interacting waves, satisfying the ω and k matching conditions, on a sketch of
their dispersion relations; this is readily applicable to any of the cases (a)–(c). Figure 1(b)
exhibits the same for case (d); the above equations can be reduced to apply to this case by
labeling (2) as EPW, (3) as BEMW, (4) as FEMW, (5) as EPWc [as shown in parentheses
along (2)–(5)], and setting K3, a6, and a7 to zero. The various interactions then formulate
with (1)–(7) as follows.
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(a) In the three-wave SRBS: K2 = 0 = K3; a4−7 = 0;
K1 = |KSRS| ≈ e
me
√
2
0
k3
4
(
ω2pe
ω1ω2ω3
)1/2
. (8)
The SRBS parametric growth rate is γSRBS = K1a1 ≈ (k3v01/4)
√
ω3/ω2, where
v01 = (e|E1|/meω1) is the electron quiver velocity in the plasma electric ﬁeld E1
excited by the laser.
(b) In the ﬁve-wave SRBS + LDI: a6 = 0 = a7; K3 = 0; K1 is as in (8); and
K2 = |KLDI | ≈ e
me
√
2
0
kDe
4
(
ω5
ω3ω4
)1/2
, (9)
where kDe ≡ (1/λDe) = (ωpe/vTe). Note that in an uncoupled three-wave LDI its
parametric growth rate would be γLDI = K2a3 ≈ (k5v03/4)
√
ω5/ω4, where v03 =
(e|E3|/meω3) is the electron quiver velocity in the EPW electric ﬁeld.
(c) In the seven-wave SRBS + LDI + LDIc: K1 and K2 are as given by, respectively,
(8) and (9); and K3 is given by (9) with (ω5/ω3) replaced by (ω7/ω6).
(d) In the ﬁve-wave SRBS + SRSc, using the relabeling of (2) and (3) as shown in Fig.
1(b): K1 is as in (8); K2 is also as in (8) but with k3 replaced by k5 and (ω1ω2)
replaced by (ω4ω5); and K3, a6, and a7 set to zero, as already mentioned above.
2.1 Bounded Length Interaction Computations
We modeled the SHS-LPI as occuring in a bounded homogeneous plasma of length L,
with an incident laser ﬁeld at x = 0. Inside 0 < x < L, the interactions were taken to
be described by (1)–(7). The boundary condition for each of the wave amplitudes was set
at the boundary where the wave’s group velocity points into the laser-plasma interaction
region. The laser’s boundary condition [a1(x = 0, t) = a0] was calculated from the laser
intensity, and the boundary conditions for the other waves were set arbitrarily to a small
value (5 × 10−5a0) as well as throughout L. Initially, at time t = 0, the ﬁeld amplitudes
within the interaction region were set to zero, except at the boundaries where the boundary
conditions were applied.
Parameters chosen to represent typical SHS-LPI experiments [7] were: a ﬁnite length
region of interaction of L = 250 µm; a Maxwellian plasma, fully ionized, with 70% hydrogen
and 30% carbon ions; electron temperature Te ≈ 700 eV and ion temperature Ti ≈ 100–
500 eV (depending on electron density ne where the interaction was made to occur); free-
space laser wavelength λ0 = 527 nm and a laser intensity s0 ≈ 1015 Watts/cm2; (ne/ncr),
where ncr = neω21/ω
2
pe ∼ 1027 m−3 was varied, as in the experiments [7] to obtain LPIs
as a function of the EPW kλDe. The Landau dampings of electron plasma waves (ν3,
ν4) and of ion acoustic waves (ν5) were estimated from the complex ω(kj) roots of the
kinetic dispersion relation: 1 − Z ′(ζe)/(2k2rλ2De) −
∑
β Z
′(ζβ)/(2k2rλ
2
Dβ) = 0, where λDs =
3
vTs/ωps is the particle species Debye length, ζ = ω/
√
2|kr|vTs, and Z(ζ) is the plasma
dispersion function [10]. The collisional damping of electromagnetic waves was estimated
with ν1,2 = (ω2pe/ω
2
1,2)(νei/2) [11], where νei is the electron-ion collision frequency: νei ≈
3× 10−6(Zncm−3lnΛ/T 3/2eV ).
Numerical integration of the equations was carried out by two techniques: using a
method of integration along characteristics with transformations to a common frame of
reference [12]; and using the Lax-Wendroﬀ integration scheme [13]. The ﬁrst (less accurate)
method is much faster than the second, and was used to obtain a quick look at the space-
time evolution of (1)–(7); ﬁnal results were obtained by the (accurate but relatively slow)
second technique. The correctness of numerical results was ascertained by requiring that at
each time step conservation equations based upon Manley-Rowe relations be satisﬁed for
the ﬁnite length system. For example, for the ﬁve-wave interaction (1)–(5), the Manley-
Rowe relations are:
w˙1
ω1
= −w˙2
ω2
, (10)
w˙4
ω4
=
w˙5
ω5
, (11)
w˙1
ω1
= −w˙3
ω3
− w˙5
ω5
, (12)
where w˙j ≡ (Lj + νj)wj; and for the ﬁnite length interactions, these give
I2 = −ω2
ω1
I1 , (13)
I5 =
ω5
ω4
I4 , (14)
I3 = −ω3
ω1
I1 − ω3
ω5
I5 , (15)
where
Ij =
[∫ L
0
wj(t′, x)dx
]
t′=t
−
[∫ L
0
wj(t′, x)dx
]
t′=0
+2νj
∫ t
0
dt′
∫ L
0
dxwj(t′, x)
+vgj
∫ t
0
dt′ [wj(t′, x = L)− wj(t′, x = 0)] . (16)
The results shown in the following ﬁgures are presented in terms of normalized quantities
used in the computations: action densities normalized to a0, and distances normalized to
vg3/(|KLDI |a0). Thus for the given laser and plasma parameters, the interactions length of
250 µm is 900 normalized x-units, and the SRBS density of energy ﬂow reﬂectivity is
SRBSr ≡ |vg2|w2|vg1|w1
∣∣∣∣∣
x=0
≈ ω2
ω1
|a2(x = 0, t)|2 . (17)
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where x = 0 designates the laser entrance plane. (Note, x = 0 is shown as −450 normalized
x units.)
2.1.1 SRBS Coupled to LDI
For the case when the EPWs are strongly Landau damped (e.g., kλDe = 0.4 or larger),
the threshold for LDI (γ2LDI = ν4ν5) is not exceeded, and SRBS does not excite LDI. SRBS
uncoupled from LDI entails (1)–(3) with K2 = 0, and with a heavily damped EPW these
equations solve exactly [14]. The saturated steady state illustrated in Figure 2 shows the
spatial build-up of the BEMW toward the laser entrance plane where the EPW is also
maximum. The action density in these waves comes from the depletion of the laser action
density in that region. Beyond that region, the laser remains constant and the SRBS
interaction is simply described by its spatial parametric growth rate (γSRS/|v2v3|1/2) of the
BEMW. The longer the interaction region, the higher is the backscattering.
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Figure 2: Steady state in the strong EPW damping limit kλDe = 0.4 (ne/ncr = 0.027).
As the Landau damping of the EPWs is reduced, the BEMW action density increases
but also the EPW in SRBS (a3) exceeds the threshold for exciting LDI, and the LDI
daughter waves (a4) and (a5) appear near the laser entrance plane and begin to drain
energy from the SRBS waves. In this competition, the SRBS-EPW (a3) saturates at just
above the LDI threshold [which can be ascertained from the steady state solution of (1)–
(5)], and the steady state is shown in Figure 3 for the case kλDe ≈ 0.32; the backscattering
is only slightly reduced compared to what it would be, at the same kλDe, in the absence
of coupling to LDI.
As kλDe is further reduced, one encounters a new regime which is nonstationary, and
eventually saturated only on the average in time. At these reduced Landau damping
rates of the EPWs the interaction region near the laser entrance plane exhibits strongly
nonstationary behavior of all the waves and in both space and time, much like the spa-
tiotemporal chaos (STC) we have previously shown to exist in an independently growing
LDI with damped daughter waves [15]. This is illustrated in Figure 4 for the case when
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Figure 3: Field amplitudes in steady state for kλDe = 0.319 (ne/ncr = 0.04).
kλDe = 0.28. The associated spatiotemporal evolution of the EPW action (a3) near the
-450 -300 -200 -100 0 100 200 300 450
-1.5
-1.0
-0.5
0
0.5
1.0
1.5
x (normalized units)
1) LASER 
2) BEMW 
SRS Only 
SRS + LDI 
ai
Saturated Field Amplitudes 
Figure 4: Spatial ﬁeld-amplitude in non-stationary regime when kλDe = 0.28 (ne/ncr = 0.05).
laser plane entrance and its space-time correlation function are shown in Figure 5. Under
these conditions, because of the strong dephasing introduced by STC, the backscattering
is strongly reduced compared to what SRBS, in the absence of coupling to LDI, would
predict at the same kλDe.
Figure 6 summarizes the results as a function (ne/ncr), respectively kλDe as explained
above. The absolute values of the reﬂectivities are much higher than observed in the
experiments of [7]. The model equations (1)–(5) ignore several aspects that can account
for the discrepancy. At high electron Landau damping (ELD) rates (large kλDe) SRS is
mainly side-scattering rather than backscattering [16]. At low ELD rates (small kλDe), the
EPW in SRBS saturates by electron trapping (which we’ll consider further in Section 3),
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Figure 5: Space-time EPW amplitude ﬂuctuations and correlation (kλDe = 0.28).
and ﬁlamentation [17] may also be above threshold. This notwithstanding, LDI is observed
in the experiments [4,5] and the above modeling helps in understanding some aspects of
this even though coupling to LDI by itself does not predict the observed reﬂectivity.
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Figure 6: SRBS reﬂectivity with and without coupling to LDI.
2.1.2 Dependence of SRBS on IAW Damping
In a series of experiments at the Lawrence Livermore National Laboratory (LLNL),
SRBS was found to surprisingly increase with increasing IAW damping (the latter obtained
by seeding the plasma with appropriate ion species impurities) [18]. [The increased IAW
damping reduced stimulated Brillouin scattering (SBS), which is readily understood.] From
these experiments, it was inferred that SRBS coupled to LDI. These experiments were
carried out in hohlraums and gas-bag plasmas, and with multiple intense laser beams —
thus much more complex to model than the SHS-LPIs. However, to understand and exhibit
the physics of this phenomenon in the simplest way, the ﬁve-wave COM system for SRBS
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coupled to LDI described in the previous section was used. We assumed parameters that
were more typical of these experiments, namely λ0 = 350 nm, s0 = 5 × 1014 W/cm2, and
a plasma characterized by Te = 1 keV , (ne/ncr) = 0.075, and considered an interaction
length L = 430 λ0, similar to what we used in Section 2.1.3, but much smaller than in
the actual experiments. The ion acoustic damping ν5 relative to ω5 was varied and the
resultant SRBS reﬂectivity is shown in Figure 7. This can be readily understood from the
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SRBS r
ν5 / ω5
Figure 7: Numerical SRBS reﬂectivity vs. IAW damping.
results of the previous section, which revealed, in particular, that the SRBS-EPW near the
laser entrance plane saturated at just above the LDI threshold [γLDI = (ν4ν5)1/2]. Thus as
(ν5/ω5) is increased, the SRBS-EPW (a3) near the laser entrance saturates at higher values,
leading to larger saturated values of a2 [see the steady state of (2)] and hence higher SRBS
reﬂectivities. This increase of SRBS reﬂectivity with increase in (ν5/ω5) continues until at
(ν5/ω5) ≥ 0.15, where LDI is found to be below threshold; SRBS is then decoupled from
LDI and the SRBS reﬂectivity becomes independent of IAW damping. Thus the above is a
possible model for understanding the observed increase of SRBS reﬂectivity with increasing
IAW damping. However, detailed comparisons with the complex experiments mentioned are
not possible in this simple model, and we propose that similar experiments be performed
in SHS-LPIs to see if our simple model explanation is valid in more detail. We remark
that the reﬂectivities in Fig. 7 are much smaller than those shown in the previous section;
this is mainly due to the shorter interaction length used. Furthermore, for the shorter
interaction length and lower laser intensity, we never encountered the non-stationary STC
state in SRBS coupled to LDI discussed in the previous section. Under STC conditions,
the behavior of SRBS reﬂectivity with IAW damping in a periodic simulation was studied
in the last reference of [15].
2.1.3 Cascading of LDI
Recent SHS-LPI experiments have also shown, unequivocally, cascades of LDI [4,5].
To understand their occurrence and eﬀects on SRBS, we have used the complete set of
(1)–(7) to model SRBS coupled to LDI and one LDI cascade [see Fig. 1(a)]. For the
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experimental parameters, numerical solution of (1)–(7), verifying appropriate conservation
relations analogous to (10)–(16) but generalized for seven-wave COM equations, show that
LDI cascades are indeed excited. However, for the range of medium to high ELD, they
have very little eﬀect on reducing the SRBS reﬂectivity. The calculated SRBS energy
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Figure 8: SRBS reﬂectivity with and without the LDI cascade.
ﬂow reﬂectivity is shown in Figure 8 for medium and high ELD, where, for comparison
purposes the ﬁve-wave COM backscattering is also shown. As it can be appreciated, at
small (ne/ncr), i.e., large kλDe, LDI cascading has no eﬀect on the backscattering at all; due
to the large ELD (ν3), a3 never reaches an amplitude that is large enough to excite LDI. For
smaller ELD (i.e., larger ne/ncr) the SRBS is larger than when LDI cascading is omitted.
The reason is that LDI cascading acts as an eﬀective damping of a4 (the backscattered
EPW in the principal LDI), so a4 remains at smaller amplitudes when cascading is excited.
The drain of energy from a3 depends on the amplitude of a4, see (3), and the amount of
laser energy to a2 depends on the amplitude of a3. Since the drain of energy from a3 is
reduced when a4 is reduced (i.e., when LDI cascading is excited), the excitation of LDI
cascade leads to a larger amplitude of a3 and therefore to a larger SRBS.
2.1.4 SRBS Coupled to an SRS Cascade
For suﬃciently small (ne/ncr), the high frequency of the SRBS electromagnetic wave
(ω2 > 2ωpe) allows cascades of SRS. We have investigated the eﬀects that the ﬁrst SRS
cascade produces on the SRBS. In the ﬁrst SRS cascade, the SRBS electromagnetic wave
(a2) decays into a forward propagating EM wave (FEMW) and another electron plasma
wave (EPWc), as illustrated in Fig. 1(b). So far, the occurrence of SRS cascades has
not been investigated in SHS-LPI experiments; our calculations were performed to suggest
possible new explorations in SHS-LPI experiments.
We investigated the SRS cascade for the same experimental parameters described above,
using the ﬁve-wave COM equations described as case (d) at the beginning of Section 2 [(1)–
(5) with modes designated in parentheses, and as in Fig. 1(b)].
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The SRBS reﬂectivity with an SRS cascade is shown in Figure 9, along with the SRBS
reﬂectivity obtained with the three wave coupled mode equations for SRBS with no cascade.
We note that the SRS cascade is very eﬀective in reducing the SRBS reﬂectivity at medium
to low ELD where reﬂectivities less than 10% resulted. This clearly entails a scattering
of electromagnetic energy in the forward direction via wave 4) FEMW, which can in turn
generate its own stimulated Brillouin backscattering (SBBS) (here not further investigated),
or if close to quarter-critical, it may excite the two-plasmon decay instability (also not
further investigated here). In addition, for an eﬀective SRS cascade, LDI can be excited
by mode 5) EPWc — another nine-wave COM system not investigated. The eﬀectiveness
of SRS cascade vis-a-vis LDI excited by 2) EPW is due to two eﬀects that can be readily
appreciated from Fig. 1(b): by Manley-Rowe, more of the laser action is transferred to
mode 3) BEMW than to mode 2) EPW, and ELD is larger for mode 2) EPW than for
mode 5) EPWc.
3. Fluid Vlasov-Maxwell Simulations for SRBS–SEAS
From recent experimental observations of SEAS [4,6], it was inferred that this stimulated
laser scattering occurred oﬀ of an electrostatic mode at a frequency and phase velocity
below that of the SRBS-driven EPW, and well above that of IAWs — thus surmised to
be oﬀ of an EAW mode. SEAS was found to occur above a threshold in laser intensity
and where SRBS was essentially saturated. in addition, SEAS amplitudes were three to
four orders of magnitude below those of the simultaneously observed SRBS. Based upon
these facts, we have been studying and modeling SEAS, analytically and numerically, with
a model diﬀerent from the one proposed in [6]. We assume that in the saturated state of
SRBS the electron distribution function is strongly modiﬁed (from Maxwellian) by electron
trapping in the intense SRBS-EPW. Using a relativistic, one-dimensional Eulerian Vlasov-
Maxwell simulation code [8] in which an initially driven large amplitude electron plasma
wave (associated with electron trapping) is acted upon by a laser, we observe the evolution
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of low-density, thermally-spread, beamlets at velocities below that of the imposed EPW.
We then show that a plasma containing such beamlets exhibits EAW modes (generally
more heavily damped than the SRBS-EPW), and ﬁnally that laser quasimodes scattering
oﬀ of these EAWs may explain the observed SEAS.
3.1 One-Dimensional Vlasov-Maxwell Simulations
In the above mentioned code [8], which has been used in the past to study SRS, a large
amplitude EPWwas generated by an initial distribution function f(p) ∼ exp{−(1/2)[p/pT−
ε cos kx]2} where ∫ f(p)dp = n0 is the plasma density, k is the wavenumber of the SRBS-
EPW, and ε is an amplitude excitation parameter. The initial distribution function thus
Figure 10: Phase space of the electron distribution for ε = 0.05 at 51.7 (ω−1pe ).
entails an initial current density qn0vTeε cos kx. Using parameters of the experiment [4,6],
the initial distribution generates (inside the plasmas, i.e., away from its boundaries) a
large amplitude EPW with electric ﬁelds that produce a trapped electron distribution
function around the phase velocity of the EPW. For ε = 0.05, after the laser (intensity
≈ 2 × 1015 W/cm2) was turned on, the electron phase space at 51.7 ω−1pe (≈ 0.08 ps) is
shown in Figure 10; the half-width of the normalized momentum space vortex (vtr/c) is
seen to be about 2×10−2, where the trapping velocity is vtr = 2(eE/mek)1/2. We thus ﬁnd
that the electric ﬁeld is essentially unchanged from the one set up by the initial condition.
Similar phase space pictures were also obtained at later times (122 ω−1pe ∼ 0.19 ps, and
197 ω−1pe ∼ 0.3 ps) indicating only a slight growth (respectively, vtr/c ∼ 2.4 × 10−2 and
3.8 × 10−2), much smaller than would be calculated using the SRBS growth time, which,
for the (approximate experimental) parameters used, was 0.07 ps. Thus the SRBS with the
trapped electron distribution around its phase velocity was essentially saturated. Figure
11
10, as well as the ones at later times, also show that the interaction with the trapped distri-
bution generates beamlets below the phase velocity of the EPW. To obtain a view of these
beamlets’ distributions in velocity space, the Fig. 10 vortex centered at x(ωpe/c) = 8.7 was
followed in a frame moving at the phase velocity of the EPW (≈ 0.113c); a spatial aver-
age was taken over three vortices (plasma wavelengths); and the unperturbed Maxwellian
was subtracted from the resultant average distribution. Figure 11 shows the resultant
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Figure 11: The deviation from the initial Maxwellian (normalized to the maximum of the time-
evolved distribution).
distribution of beamlets that evolved in the interaction [19].
3.2 Linear Modes in the Evolved Distribution
The electron velocity distribution that evolved in the laser interaction with the large am-
plitude EPW in the trapping regime diﬀers signiﬁcantly from the unperturbed Maxwellian,
and can give rise to new linear electrostatic modes oﬀ of which the laser can generate
new stimulated scattering. Although Fig. 11 indicates various beamlets, we focused on
the highest density one giving rise to the peak in Fig. 11. We estimate its average veloc-
ity as vb = 0.045 c, its thermal spread corresponding to a Maxwellian with Tb ≈ 40 eV ,
and calculate its density as nb ≈ 0.02 neo. The new linear modes are then obtained from
solving the linear dispersion relation for a plasma containing essentially the original unper-
turbed Maxwellian with no drift, of density approximately neo(neo/ncr ≈ 0.03), temperature
Te(350 eV ), and the above low-density, thermally spread beamlet that evolved in the SRBS
simulation. Since we are concerned to ﬁnd the electron electrostatic modes, we can ignore
ion dynamics, and the dispersion relation is given by the zeros of the kinetic longitudinal
permitivity function: KL = 1+χe = 1+χep+χeb = 0, where χep = [−Z ′(ζp)/2k2λDp] with
ζp = (ω/|k|
√
2vTp), and χeb = [−Z ′(ζb)/2k2λDb] with ζb = (ω − kvb/|k|
√
2vTb). The solu-
tions of KL = 0, for the parameters deduced from the simulation, and for kλDe = 0.285, are
shown in Figure 12. We note that in addition to a very weakly damped mode (ωr ≈ 1.15 ωpe,
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Figure 12: Contours of Re KL = 0 and Im KL = 0 in the complex ω-plane for given kλDe
Intersections give the complex ω of the electrostatic modes.
ωi ≈ −4×10−3), there is a relatively weakly damped mode at ωr ≈ 0.45 ωpe(ωi ≈ −0.1 ωpe).
Changing kλDe shows that the ﬁrst has the dispersion of an EPW, while the second is an
EAW [20]. The real frequency of the latter is in the range of the observed SEAS.
3.3 SEAS: Laser-EAW Quasimode Interaction
Finally, we calculate the stimulated laser scattering oﬀ of the newly-established EPW
and EAW. The ﬁrst gives rise to well-known SRBS; however, with a trapped electron
distribution around its phase velocity, it is saturated as shown by the simulation described
in Section 3.1. For the second, its stimulated growth must be calculated kinetically; it
is in the quasimode regime of parametric interactions giving the sought-after SEAS. The
dispersion relation for kinetic parametric growth rates is obtained from:
(1 + χe
χe
)
D+D−
(D+ −D−) =
(
kv0
2
)2
(18)
where χe is as given above, D± = c2(k ± k0)2 + ωpe − (ω ± ω0)2 (the up and down shifted
electromagnetic wave scattered dispersion functions), and v0 = (e|E0|/meω0) is the electron
quiver velocity in the laser electric ﬁeld in the plasma (see, e.g., [21]). For laser intensities of
1016 Watts/cm2, calculations from (18) show that for a range of beamlet parameters (from
Tb
∼
< 50 eV for nb
∼
> 0.02 ne, and Tb
∼
< 20 eV for nb
∼
> 0.01 ne), consistent with Fig. 11, one
obtains for parameters of Fig. 12 a (quasimode) parametric growth rate ≈ 1.6× 10−4 ω0 in
a narrow frequency range at ωr ≈ 0.45 ωpe (kλDe ≈ 0.285), similar to the observed SEAS,
and an SRBS growth rate of ≈ 9.4×10−3 ω0 (the latter essentially unaﬀected by the above
beamlet parameters) in a narrow range at ωr ≈ 1.15 ωpe (kλDe ≈ 0.267), as expected.
Preliminary results from the (k, ω) spectra of the Vlasov code simulations conﬁrm the
13
results of this model.
3.4 Self-Consistent Nonlinear Vlasov Solutions Exhibiting EAWs
Because of current limitations in the Eulerian Vlasov simulation code, the self-consistent
evolution of the trapped electron distribution function in SRBS, at large laser intensities,
was not established starting with initial SRBS growth from background plasma noise.
However, the simulations and calculations presented in Sections 3.1–3.3 can be further
complemented with results from a fully nonlinear solution of the Vlasov-Poisson equations
with a self-consistent steady state longitudinal electric ﬁeld of a wave of arbitrary amplitude
[22]. Assuming an electrostatic ﬁeld of a single wave, E0(t) cos(kx − ωt), where E0 varies
slowly in time, and ω ∼ ωpe as well as the bounce frequency ωB = (eE0k/me)1/2 are
the fast variations in time, the solution of the nonlinear Vlasov equation for the electron
distribution function fe(v, x, t) can be expressed in terms of the adiabatic invariant, I =
(2
√
π)−1
∫
C dx[H − φ(t, kx)]1/2, so that fe = f(I), where H = v2/2+ φ (t, kx) is the energy
of an electron in the electrostatic ﬁeld, and v = v = ω/k and x = x − ωt/k are the
electron velocity and position, respectively, in the wave frame. For an electron trapped
in the electrostatic wave the integral in I is over a bounce period of the electron, while
for an untrapped electron the integral is over a single wave period. If we assume that the
distribution function at time t = 0 is a Maxwellian, then (following the details in [22]) at
any time t the electron distribution function is given by
f(x, v, t) =


fU if p2 < 1
fT if p2 > 1
(19)
where
fU =
1√
π
exp

−
{
ω
kvte
− k
vte
IU sign
(
ω
k
− v
)}2 (20)
fT =
1√
π
exp

−( ω
kvte
)2
−
(
kIT
2vte
)2 cosh
(
ωIT
v2te
)
(21)
IU =
2
√
2
πk
(
H +
ωv0
k
)1/2
E(p2) (22)
IT =
4
√
2
πk
(
H +
ωv0
k
)1/2 [
pE
(
1
p2
)
− p
2 − 1
p
K
(
1
p2
)]
(23)
p2 =
2
(
ωv0
k
)
H + ωv0
k
, v0 =
eE0(t)
meω
(24)
vte is the electron thermal velocity, and K and E are complete elliptic integrals of the ﬁrst
and second kind, respectively.
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Substituting the distribution function (19) into Poisson’s equation, one obtains the
dispersion relation for nonlinear electrostatic waves from
w0 =
1
π
√
π
ω2pe
ω2
∫ 2π
0
dξ
∫ ∞
−∞
dw wf(I) sin (ξ) (25)
where w0 = v0/vte, v0 = eE0/meω, w = v/vte, vte =
√
2κTe/me, and ξ = kx−ωt. In Figure
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Figure 13: Dispersion characteristics of nonlinear electrostatic modes.
13, we have plotted the complete nonlinear dispersion relation (25) for three diﬀerent
normalized wave amplitudes EN = eE0/(mωpevte). For small kλDe the upper branch of
the dispersion relation is essentially that of the usual EPW. The lower branch is a result
of the full nonlinearity incorporated in the evolution of the electron distribution function.
It should be noted that in the limit of small amplitudes, the upper branch reduces to
the well-known Bohm-Gauss linear EPW; there is no small amplitude limit for the lower
branch. The character of the lower branch is acoustic-like, in the vicinity of (ω/ωpe) ≈ 0.5
and kλDe ≈ 0.3 — the vicinity in which SEAS would occur, as observed. The excitation
of such nonlinear modes in laser-driven plasmas and the consequent SEAS remains to be
studied. Figure 14 gives calculations of the electron distribution function from (19)–(24) for
nonlinear electrostatic modes at a frequency in the upper (EPW) branch and at a frequency
in the lower (EAW) branch.
4. Conclusions
The interaction of SRBS and LDI has been studied by numerical integration of other,
more complete (but also more numerically complex) models: using directly the appropriate
ﬂuid equations [23], and using CMME of the Zakharov-type [24]. Some of our main results
on SRBS coupled to LDI and cascades are similar to those in these references, but also
bring additional insights to these interactions.
Our main results are summarized as follows:
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Figure 14: Average electron distribution function in nonlinear electrostatic modes: (a) for upper
(EPW) branch at (ω/ωpe) = 1.05; (b) for lower (EAW) branch at (ω/ωpe) = 0.45.
(a) Coupling of SRBS to LDI — The coupling of SRBS to LDI and its eﬀect on SRBS
reﬂectivity exhibits dramatic changes as the ELD of the EPWs is changed. For strong
ELD (kλDe >∼ 0.4), although SRBS may be present, LDI is not excited anywhere in
the SHS plasma. For intermediate ELD (kλDe ∼ 0.32), LDI is excited but spatially
localized near the boundary where the laser enters the SHS plasma; the SRBS reﬂec-
tivity is then reduced. Notably, for weak ELD (kλDe <∼ 0.28), LDI is intense in the
plasma region near the laser entrance boundary, and exhibits incoherent space-time
ﬂuctuations akin to STC; the consequence is an appreciable reduction in SRBS re-
ﬂectivity due to the ensuing dephasing, and the reﬂectivity also exhibits incoherent
ﬂuctuations. However, the low reﬂectivities observed in the SHS-LPI experiments are
not predicted by SRBS coupling to LDI.
(b) Cascading of LDI — The SHS-LPI experiments have shown the existence of LDI
cascades associated with SRBS. From our coupled mode simulations that include the
ﬁrst LDI cascade, we ﬁnd that its eﬀect is to slightly increase the SRBS reﬂectivity.
This can be understood from the fact that the cascade drains energy from the LDI,
thus enhancing SRBS which was reduced by LDI in the absence of the cascade. We
thus explain the observation of cascades and their eﬀect on the SRBS reﬂectivity, but
we ﬁnd that these cascades do not contribute signiﬁcantly to predict the observed
saturated values of reﬂectivity in the particular SHS-LPI.
(c) Eﬀect of Ion Acoustic Damping — Our coupled mode simulations of SRBS with LDI
exhibit the observed eﬀect of increased SRBS reﬂectivity with increase in the IAW
damping, and this can be readily understood from our studies of the SRBS-LDI
coupling described above.
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(d) SRS Cascades — We ﬁnd that an SRS cascade gives a more signiﬁcant decrease in
the SRBS reﬂectivity than LDI. This is readily understood from the Manley-Rowe
relations. SHS-LPI experiments have so far not looked for this type of cascade.
(e) Stimulated Electron Acoustic Wave Scattering—We have studied and modeled SEAS,
analytically and numerically considering that SRBS evolves its EPW to amplitudes
that trap electrons. With a nonlinear, one-dimensional, Eulerian, Vlasov-Maxwell
code, we imposed a laser propagating ﬁeld on a trapped electron distribution function
due to such an SRBS generated EPW in a plasma of parameters of the recent SEAS
experiment, thus simulating a possible saturated state of SRBS. The evolution of
this setup shows indeed that SRBS is essentially saturated, and in addition exhibits
the generation of low-density, thermally spread beamlets below the phase velocity of
the EPW. A plasma containing such beamlets is shown to have linear normal modes
which, in addition to having weakly damped EPWs (oﬀ of which the laser initiates
SRBS), also have moderately damped EAWs. Quasimode scattering of the laser oﬀ
of the latter gives the observed SEAS. These results need further conﬁrmation from
a more extensive, ﬂuid code of SRBS. Finally, we show that a fully nonlinear, one-
dimensional, steady state solution of the Vlasov equation in an electrostatic wave
electric ﬁeld exhibits nonlinear EAW-type modes below the plasma frequency, whose
(k, ω) values depend upon ﬁeld amplitudes; their excitation in SRBS also remains to
be studied.
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